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The analysis of metal ions in clinical materials is usually carried out by atomic ab-
sorption (FAAS/GFAAS), emission (ICP-AES) or mass spectrometry (ICP-MS). These
standard techniques require elaborate and costly pretreatments of the samples.
In general, analytical instrumentation for clinical work is selected based upon the
element(s) to be determined, the matrix (or matrices) to be analyzed, and the concentra-
tion(s) of the analytes expected in the clinical specimen. Laboratories specializing in a
single application such as that for Pb in blood, serum Al, or serum Cu and Zn, are un-
likely to make the switch to ICP-MS since such assays can be performed adequately us-
ing the existing AAS methods. However, if the application is biomonitoring for a panel
of trace elements at background levels, then ICP-MS is the logical approach (1).
As long as 30 years ago, Weinstock and Uhlemann (2) proposed automated injection
of microliter samples into FAAS for determination of copper in untreated, undiluted se-
ra. At about the same time, Makino and Takahara (3, 4) proposed micromethods for de-
termination of metal ions in infants’ plasma by discrete nebulization in FAAS. They re-
ported simple dilution with water for Cu and Zn (3), and treatment with TCA-ascorbate
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solution for iron (4). Salmela and Vuori (5) proposed a simple and reliable FAAS method
for measurement of Cu and Zn in serum diluted with water. The method was adoptable
to pediatric research because of the small sample volume required. Terres-Martos et al.
(6) proposed the FAAS method for determination of copper in human serum minera-
lized with an HNO3/HClO4 (4:1) mixture and heated to 120 °C for 60 minutes in a mine-
ralization block. Lopes et al. (7) described a fully automated flow system to accomplish
sequential determination of copper in serum and urine by FAAS. Serum samples were
diluted 2-fold with water and standard solutions were prepared with 20 % glycerol. The
developed flow system allowed multiple tasks to be carried out sequentially, such as
preparation of serum samples (sample and standard solution viscosity adjustment), se-
rum copper measurement, urine copper preconcentration and subsequent elution and
measurement.
Despite the fact that different approaches are very well known, the reference me-
thods still suggest assaying of twice diluted sera for iron and copper by flame atomic-
absorption spectrometry, after deproteinization with 20 % trichloroacetic acid (TCA) or
simple dilution with water, resp. (8). It follows that introducing a new, simple and reli-
able assay method is still a challenging task.
Data on metal ion concentration in pediatric population sera might be used as a va-
luable biomarker of children’s health status. The current research is a logical continua-
tion of the authors’ efforts to develop new reliable analytical procedures for quantitation
of metal ions in human serum by FAAS (9). Whereas the former method has been de-
voted particularly to the analysis of sera with pathologically low copper levels, the main
objective of the investigation presented here is to introduce a new approach aimed at si-
multaneous determination of Fe and Cu in children’s sera. The latter is based on sin-
gle-step sample pretreatment and single-step calibrant preparation.
EXPERIMENTAL
Materials
Standard solutions. – The concentration of stock standard solutions was 1026.81
mg mL–1 for copper and 9917.49 mg mL–1 for iron. Copper stock solution was prepared
by dissolving CuCl2 ´ 2H2O in 0.1 mol L–1 HCl. Iron stock solution was purchased from
SCP Science, Canada. Both stock solutions were standardized complexometrically.
To obtain working standard solutions for calibration (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6
and 2.0 mg mL–1 analyte), stock solutions were serially diluted with different diluents:
10 % TCA, 10 % glycerol, 1.5 mol L–1 HCl, HCl-acidified synthetic serum. For standard
additions (0.3, 0.5, 0.7, 1.0, 1.5 and 2.0 mg mL–1 analyte), HCl-acidified serum pool was
used.
Reagents. – Ultrapure water (electrolytic conductivity 0.055 mS cm–1) was used throu-
ghout. Trichloroacetic acid (Kemika, Croatia), hydrochloric acid 35 % (Lach-Ner, Czech
Republic) and glycerol (Gram-mol, Croatia), NaHCO3 (Kemika), KCl (Lach-Ner), MgCl2
´ 6H2O (Kemika), Na2HPO4 ´ 2H2O (Merck, Germany), CaCl2 ´ 2H2O (Merck Alkaloid,
Macedonia) and NaCl (Zorka, Serbia) were all of pro analysi grade.
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Serum pool. – The pool of children’s sera was obtained from the Children’s Hospital
Srebrnjak, Zagreb, Croatia, in 2006 and 2007, and was stored at –20 °C. All the experi-
ments were approved by the Ethical Committee of the Children’s Hospital Srebrnjak, Zag-
reb, Croatia.
HCl-acidified serum pool was prepared by using the serum pool and 3 mol L–1 HCl
at an equivolume ratio.
Synthetic serum (real blank). – Synthetic serum was prepared by dilution of human al-
bumin 20 % or intravenous immunoglobulin (both from the Institute of Immunology,
Zagreb, Croatia), NaHCO3, Na2HPO4 ´ 2H2O, KCl, MgCl2 ´ 6H2O, CaCl2 ´ 2H2O and
NaCl in ultrapure water.
HCl-acidified synthetic serum was prepared by using synthetic serum and 3 mol L–1
HCl at an equivolume ratio.
Equipment
The FAAS instrument used was a PerkinElmer (USA) AAnalyst 800 atomic absorp-
tion spectrometer with deuterium background corrector (DBC).
To centrifuge the samples, a microcentrifuge Eppendorf 5415D (Eppendorf, Germany)
was used.
Analytical procedures
Determination of Cu in serum by the reference method (8). – Sample (serum pool) was
diluted 2-fold with ultrapure water, homogenized and let settle, and then aspirated di-
rectly into the nebulizer system of the instrument. Copper concentration was determi-
ned by comparison with standard solutions prepared in 10 % glycerol (see under Stan-
dard solutions). Instrumental parameters are given in Table I.
Determination of Fe in serum by the reference method (8). – The sample was diluted 1:1
with TCA 20 %, stirred and heated at 90 °C for 15 minutes in a water bath. After cooling
it was centrifuged, supernatant was decanted and aspirated directly into the nebulizer
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Table I. Instrumental parameters
Element Cu Fe
Lamp type HCLa HCLa
Lamp current (mA) 15 30
Wavelength (nm) 324.8 248.3
Fuel/oxidant acetylene/air acetylene/air
Acetylene pressure (Pa)/flow rate (L min–1) 0.9 ´ 105/2 0.9 ´ 105/2
Air pressure (Pa)/flow rate (L min–1) 5.5 ´ 105/17 5.5 ´ 105/17
Slit setting (nm) 0.7 0.2
a Hollow cathode lamp.
system of the instrument. Iron concentration was determined by comparison with a se-
ries of standard solutions which were prepared in 10 % TCA (see under Standard solu-
tions). For instrumental parameters see Table I.
Optimization of the new method. – In the course of the new method optimization, cop-
per and iron concentrations in serum pool were determined after varying the following
parameters: concentration of HCl for deproteinization, time of sample settling and stir-
ring, storage temperature, speed and time of centrifuging (see Table II).
3 mol L–1 was found to be the optimum concentration of HCl. Systems using 2 and
5 mol L–1 HCl were found unstable. After centrifugation of samples diluted 2-fold with
2 mol L–1 HCl, the supernatant was always turbid while the measured absorbance for
systems using 5 mol L–1 HCl was always too high in respect to other systems. The latter
might indicate a possible chemical interference.
The temperature chosen for samples storage before centrifuging was 50 °C; samples
stored at room temperature (25 °C) were opalescent and the ones stored at 90 °C showed
problems when decanting supernatant from the sediment. Therefore, efficient deprotei-
nization of serum sample with 3 mol L–1 HCl at elevated temperature (t = 50 °C) is sug-
gested for both analytes.
Stirring time of five minutes and settling time of 5 minutes at 50 °C were sufficient
to get clear and stable supernatants ready to measure. Centrifuging time had to be pro-
longed from 5 to 10 minutes; it was otherwise impossible to decant supernatant from the
sediment of the HCl-synthetic serum samples.
No differences were observed between samples regardless of the centrifugation speed
(15000 or 20000g).
Simultaneous determination of Cu and Fe by the proposed method. – To avoid any con-
tamination of samples and standard solutions, laboratory glassware and plasticware were
soaked in nitric acid 1:1 for 24 h and then rinsed several times with ultrapure water.
Copper and iron stock solutions were added to 1.5 mol L–1 HCl or HCl-acidified
synthetic serum, both for calibration, or to HCl-acidified serum pool for standard additions
(see under Standard solutions). Working standard solutions were prepared fresh daily.
After allowing it to equilibrate to room temperature, the serum pool sample was
stirred for 10 minutes on a magnetic stirrer. It was then diluted 1:1 with 3 mol L–1 HCl,
mixed for 5 minutes on the shaker and heated at 50 °C for 5 minutes in a water bath. Af-
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Table II. Optimization of working parameters
Parameter Parameter values tested Optimized parameter
HCl concentration (mol L–1) 2, 3, 5 3
Stirring time (min) 5, 15, 30 5
Settling time before centrifuging (min) 5, 15, 30 5
Temperature (ºC) 25, 50, 90 50
Centrifuging time (min) 5, 10, 15 10
Centrifuging speed (g) 15000, 20000 15000
ter cooling, it was centrifuged for 10 minutes at 15000g, the supernatant was decanted
and aspirated directly into the nebulizer system of the instrument. Copper and iron con-
centrations were evaluated from the calibration line. For instrumental parameters see
Table I.
Statistical analysis. – The data obtained for the reference methods and the proposed
method and the data obtained by different calibration approaches were statistically com-
pared on the basis of: (i) calibration sensitivity (CS), namely, the slope of the calibration
line, or (ii) estimated analyte concentration. Student’s t-test was used.
Robustness of the proposed method was also examined by short multifactorial de-
sign (SMD) experiments based on Youden and Steiner's and Plackett and Burman's de-
sign (10–14). Since robustness is the measure of a method's capacity to remain unaffected
by small but deliberate variations in internal parameters of the method, it provides indica-
tion of the method’s reliability during normal usage. In our case, 7 parameters were
tested through 8 experiments. The basis of testing was the analysis of iron. The experi-
mental design is presented in Table III and each of the 7 parameters was changed be-
tween two levels (namely A/a through G/g).
RESULTS AND DISCUSSION
Trueness of the new method
In the development of the new method, statistical comparison of the new approach
with the reference methods (8), for both analytes, was performed at P = 95 %, in regard
to sample pretreatment and in regard to various calibration approaches. Calibration ap-
proaches examined were: (i) standard additions, (ii) calibration in HCl-acidified syn-
thetic serum and (iii) calibration in HCl. Data analysis was based on the analyte concen-
tration and calibration sensitivity results.
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Table III. Short multifactorial design
Variable
factor
Experiment
1 2 3 4 5 6 7 8
A/a A A A a A a a A
B/b B B b b B b B b
C/c C C C c c C c c
D/d D d d d D D d D
E/e E e E E E e e e
F/f F F f F F F f f
G/g G g G g G G G g
Variable factors: HCl conc.: A (2 mol L–1)/a (3 mol L–1); stirring time: B (5 min)/b (15 min); settling time be-
fore centrifuging: C (5 min)/c (15 min); temperature: D (room temperature)/d (50 °C); centrifuging time: E (10
min)/e (15 min); centrifuging speed: F (15000g)/f (20000g); settling time before signal measurement: G (15
min)/g (30 min).
Estimated concentrations. – Data on estimated copper and iron concentrations and
statistical inference are presented in Table IV.
All the concentration values lie within the reference intervals for copper and iron in
pediatric population sera from Zagreb, Croatia (15).
Statistical analysis showed that the estimated concentration as proposed by the refe-
rence methods for iron (in 10 % TCA) did not significantly differ from either standard
additions to HCl-acidified serum or calibration in HCl-acidified real blank or calibration
in 1.5 mol L–1 HCl. For copper, the estimated concentration as proposed by the reference
method (in 10 % glycerol) did not significantly differ from standard additions to HCl-
-acidified serum or calibration in 1.5 mol L–1 HCl but it was found significantly different
from calibration in HCl-acidified real blank.
Calibration sensitivity and detection limit. – The observed effects on calibration sensiti-
vity for both analytes are presented using collective calibration data (Table V).
Regarding both iron and copper, coefficients of correlation (R > 0.990) and residual
sums of the squares indicate favourable linear correlations in all cases. Precision of slo-
pes was good, with RSDCS values of 0.9–2.1 and 0.6–1.8 %, respectively.
However, the slope of the calibration line for Fe in 10 % TCA was found signifi-
cantly different from calibration in 1.5 mol L–1 HCl at P = 95 %. The latter was also sig-
nificantly different from calibration in real blank and from standard additions. The slope
of the calibration line for Cu in 10 % glycerol was not found significantly different from
calibration in 1.5 mol L–1 HCl. However, calibrations in 1.5 mol L–1 HCl and 10 % glyc-
erol significantly differed from that in HCl-synthetic serum and from standard additions
at P = 95 %.
The results obtained through concentrations and through CS differ to some extent.
Due to the fact that calibration sensitivity is prone to variability, our final conclusions
were based on the estimated concentrations of the analytes (see Table IV). Here, the refe-
rence methods for both iron (in 10 % TCA) and copper (in 10 % glycerol) did not signifi-
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Table IV. Estimated concentrations for Fe and Cu in serum pool
Fe Cu
g (mg mL–1)a
RSD
(%)/N
g (mg mL–1)a
RSD
(%)/N
Proposed
method
Calibration in 1.5 mol L–1 HCl
Calibration in ASM/2
Standard addition
0.991 ± 0.097
0.981 ± 0.097
0.981 ± 0.100
9.8/23e
9.9/9e
10.2/5e
1.283 ± 0.022b
1.102 ± 0.113b,c,d
1.260 ± 0.048d
1.7/3f
10.3/9e
3.8/4e
Reference
methods
Calibration in 10 % TCA (Fe)
Calibration in 10 % glycerol (Cu)
0.969 ± 0.103
–
10.7/14e
–
–
1.326 ± 0.124c
–
9.4/9e
ASM – HCl-acidified synthetic serum; g – estimated analyte concentration; N – total number of points;
TCA – trichloroacetic acid
a Mean ± SD.
Statistically significant difference at P = 95 %: b t = 2.6594 (ttab = 2.0595), c t = 4.0832 (ttab = 1.9905),
d t = 2.6222 (ttab = 2.0322).
e Intermediate precision.
f Repeatability.
cantly differ from either standard additions to HCl-acidified serum or calibration in 1.5
mol L–1 HCl. Accordingly, the latter two approaches might reliably replace both refer-
ence calibration media.
Detection limiting values (DL =
3 3. ×SD
CS
i , where SDi equals standard deviation of
the calibration line intercept) were estimated as 0.04 mg mL–1 Fe and 0.03 mg mL–1 Cu.
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Table V. Calibration sensitivity for Fe and Cua
Fe Cu
CS (mL mg–1)b
R/RSS/RSDCS
(%)/N CS (mL mg
–1)b
R/RSS/RSDCS
(%)/N
Calibration in
1.5 mol L–1 HCl
0.033 ± 0.0003c,d,e
0.9967/1.2 ´ 10–4/
0.9/62
0.049 ± 0.0004f,g
0.9982/6.2 ´ 10–3/
0.8/53
Calibration
in ASM/2 0.038 ± 0.001
c 0.9902/2.6 ´ 10
–4/
2.1/42
0.054 ± 0.001f,h
0.9975/9.3 ´ 10–5/
1.8/18
Standard
addition 0.037 ± 0.001
d 0.9940/3.2 ´ 10
–4/
1.9/40
0.054 ± 0.0003g,i
0.9995/6.0 ´ 10–5/
0.6/45
Calibration in
10 % TCA (Fe) 0.039 ± 0.001
e 0.9932/1.5 ´ 10
–4/
2.1/33
– –
Calibration in
10 % glycerol (Cu)
– – 0.049 ± 0.001h,i
0.9982/1.0 ´ 10–4/
1.0/33
ASM – HCl-acidified synthetic serum; CS – calibration sensitivity, slope of the calibration line; N – total num-
ber of points; R – coefficient of correlation; RSS – residual sum of the squares; TCA – trichloroacetic acid
a Non-ideal lines.
b Mean ± SD.
Statistically significant difference at P = 95 %: c t = 6.519 (ttab = 1.984); d t = 4.533 (ttab = 1.992); e t = 8.472
(ttab = 1.986); f t = 5.952 (ttab = 1.996); g t = 10.175 (ttab = 1.986), h t = 4.943 (ttab = 2.012), i t = 8.592 (ttab =
1.993).
Table VI. Ranked effects
Factor Ranked effect (Di) M value
G/g –0.00175 –1.35
B/b –0.00075 –0.76
E/e –0.00025 –0.35
C/c 0.00025 0
D/d 0.00075 +0.35
A/a 0.00075 +0.76
F/f 0.00175 +1.35
2 · s’ = 0.00213
P
ro
p
os
ed
m
et
ho
d
R
ef
er
en
ce
m
et
ho
d
s
SMD. – The newly suggested treatment of samples prior to the analysis of iron was
investigated by simultaneously varying 7 parameters at a time. The results of short multi-
factorial design experiments showed that a system is robust enough in regard to small
but deliberate variations of basic working parameters such as concentration of HCl for
deproteinization, temperature, speed and time of centrifuging, time of sample settling
and stirring (see also Table II). From the results of eight experiments, the effect of each
factor was calculated. Ranking of observed effects is presented in Table VI as well as the
normal probability plot of effects in Fig. 1.
Factor effects (Di) are calculated (11, 12) for each parameter by attaching the signs to
the data collected, adding, and dividing by half the number of experiments. According
to Fisher (11), the standard deviation of the eight individual results s’ equals to:
σ' ( )=
=
∑27 2Dii a
g
= 1.5052 ´ 10–3
and any value of Di can be considered significant (p < 0.05) if D > 2σ'. As evident from
Table VI, all the calculated factor effects were lower than the limiting value of 0.00213 and
were not found to be significant. Accordingly, they are a normally distributed random
noise and form a nearly straight line (see Fig. 1), suggesting that the method is rugged
for the factors tested.
Sensitivity and precision
As evident from Table V, comparable calibration sensitivity is achieved by the
reference and new methods: collective CS value (mean ± SD, number of points N) for
copper as obtained by the reference method was 0.049 ± 0.001 mL mg–1 (N = 33) and
0.049 ± 0.0004 mL mg–1 (N = 53) for the new method. Analogously, in case of iron, it was
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Fig. 1. Normal probability
plot of the effects.
0.039 ± 0.001 mL mg–1 (N = 33) for the reference method and 0.033 ± 0.0003 mL mg–1 (N = 62)
for the new method. Estimated concentration data was obtained with comparable preci-
sion for both the reference and new methods (see Tables IV and VII) and for both analy-
tes. Other approaches showed comparable CS and precision values as well (Table V).
CONCLUSIONS
In conclusion, the new method for simultaneous determination of iron and copper
in children’s sera proposes one-step sample pretreatment (deproteinization with 3 mol L–1
HCl, ratio 1:1) and one-step calibration using 1.5 mol L–1 HCl standard for both analy-
tes. Moreover, the proposed method assures sensitivity and precision comparable to that
of the reference methods. According to all the above given arguments and in comparison
with the already reported method for copper (9), which was particularly convenient for
analyses of hypocupric adult sera, we are inclined to believe that the new approach re-
ported here might be successfully applied for assaying both iron and copper in children’s
sera, with expected concentrations of 0.6–1.7 mg mL–1 Cu and 0.2–1.8 mg mL–1 Fe (15, 16).
The new method is simple and time-, labour- and serum-saving, the latter being espe-
cially important when pediatric patients are concerned.
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S A @ E T A K
Simultano odre|ivanje `eljeza i bakra u serumu djece FAAS-om
SVJETLANA LUTEROTTI, TON^ICA VUKMAN KORDI] i SLAVICA DODIG
Predlo`ena je nova jednostavna metoda plamene atomsko-apsorpcijske spektrome-
trije (FAAS), za simultano odre|ivanje `eljeza i bakra u serumu djece. Ona se temelji na
predobradbi uzorka u jednom koraku (deproteinizacija s 3 mol L–1 HCl u odnosu 1:1) i
kalibraciji u jednom koraku sa standardom pripravljenim u 1.5 mol L–1 HCl. Tijekom
optimizacije metode primijenjen je multifaktorski dizajnirani eksperiment. Preporu~ena
metoda osigurava ispravnost, osjetljivost i preciznost usporedljivu onima referentnih me-
toda. Novi je pristup jednostavan i brz; on {tedi i vrijeme i reagense i uzorke, pri ~emu je
potonje posebno va`no u dje~joj dijagnostici.
Klju~ne rije~i: `eljezo, bakar, dje~ji serum, FAAS, odre|ivanje u jednom koraku
Sveu~ili{te u Zagrebu, Farmaceutsko-biokemijski fakultet, Zagreb
Hrvatska agencija za lijekove i medicinske proizvode, Zagreb
Dje~ja bolnica Srebrnjak, Zagreb
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